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a  b  s  t  r  a  c  t
To  date,  the  research  aimed  at creating  a high-temperature  alumina  (Al2O3) grade  capable  of
autonomously  repairing  crack  damage  focussed  on  the  use of  SiC  particles  which  turns  to  SiO2 as  the
healing  agent.  The  present  work  presents  an  unbiased  selection  procedure  to  determine  other  attractive
substances  and  phases  which  could  serve  as  an  effective  healing  agent  for healing  at high temperatures.
The  selection  process  is  based  on an  analysis  of the  requested  characteristics  of the  oxide  to ﬁll  the  crackeywords:
lumina
elf-healing
igh temperature
hermal residual stress
olume expansion
(melting  point,  adhesion  to the  alumina  matrix  and  thermal  mismatch)  as well  as  those  of  the  healing
agent  prior  to being  activated  (melting  point,  volume  expansion  upon  oxidation  and  thermal  mismatch).
Application  of all  selection  criteria  resulted  in  identifying  granular  Ti, Cr,  Zr,  Nb, Hf,  TiC,  TiN,  Cr3C2,  Cr2N,
ZrN,  NbC  and  NbN  as promising  agents  for autonomous  healing  of alumina  when  used in  air  at  high
temperatures.
© 2016  The  Authors.  Published  by  Elsevier  Ltd. This  is an  open  access  article  under  the CC  BY-NC-ND. Introduction
Alumina (Al2O3) is an attractive ceramic for engineering appli-
ations operating at elevated or high temperatures because of its
ood thermal and chemical resistance. It also maintains a high
trength and hardness at high temperatures [1]. These desirable
roperties are due to the strong covalent and ionic bonds existing
etween its atoms [2]. However, the same strong and directional
onds are the origin of its inherent brittleness [3]. One way to
inimise the consequences of the inherent brittleness for real life
pplications is to delay the time to fracture by reinforcing the
atrix with metallic or ceramics inclusions (particles or whiskers),
hich reduce the maximum local tensile strength for a given
xternal load [4,5]. Another way is to modify the material by the
nclusion of discrete healing ‘particles’, which upon the occurrence
f a non-catastrophic crack initiate a chemical reaction leading to
rack ﬁlling and restoration of its load bearing capability, a concept
nown as ‘extrinsic self-healing’ [6].The concept of extrinsic ‘self-engineered-healing’ was  ﬁrst
emonstrated for concrete [7] but only became widely known since
ts application to brittle polymer matrices [8]. The concept is based
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/).license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
on the inclusion of discrete entities (granular particles, ﬁbres or
vascular networks) containing a healing agent in an otherwise inert
matrix material. The healing particles remain dormant in the matrix
but become active when intersected by a (micro- or meso-) crack
in the matrix. Upon intersection of the healing particle a chem-
ical reaction is triggered which leads to local ﬁlling of the crack
and adhesion between the reaction product and the crack faces in
such a manner that the load bearing capabilities of the material is
restored. The concept of extrinsic healing, i.e. making use of discrete
‘foreign’ particles in an otherwise unreactive matrix material, has
since been applied to other material classes such as concrete [9,10],
asphalt [11,12], metals [13] and ceramics [14–16]. The alternative
approach, intrinsic self-healing, in which the healing action is due
to a controlled reaction or decomposition of the matrix itself has
been demonstrated for polymers [17,18], metals [19,20], and MAX
phase ceramics [16,21]. However, this approach cannot be used for
alumina or other oxidic materials as the material is already in its
lowest energetic state. Hence healing in alumina or other oxidic
ceramics can be only be achieved via extrinsic self-healing routes
[22–25].
To date the research into self-healing alumina has concentrated
on the use of SiC as the healing particle [24,26–31]. The choice for
SiC is based on the fact that (a) SiC is relatively stable up to 2270 ◦C;
(b) will decompose into SiO2 which has a speciﬁc volume 113%
larger than its parent phase when exposed to air at higher temper-
atures and (c) the reaction products SiO2 bonds well to the alumina
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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are moved up to the next selection stage. The oxides that promise
the strongest adherence to alumina are: WO3, Ta2O5, Nb2O5, ZrO2,
HfO2 and TiO2.142 L. Boatemaa et al. / Journal of the Euro
atrix [25]. Other materials such as Al, Al4C3 or AlN will fail as heal-
ng particles respectively due to too low a melting point [32], early
ecomposition due to hydrophobicity [33], or too low a relative
olume expansion (RVE of 22%) leading to incomplete crack ﬁlling
nd modest strength recovery [34].
It is unlikely that a random or quasi-systematic exploration
f the phases potentially functioning as healing agents for the
utonomous repair or (micro-) cracked alumina will lead to opti-
al  results. Hence, the present work presents an unbiased selection
rocedure to determine attractive substances and phases which
ould serve as an effective healing agent to autonomously heal
lumina (Al2O3) when exposed to air at temperatures in excess of
500 K. The scope of this study comprises the oxides of the follow-
ng transition metals; Ti, V, Cr, Mn,  Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo,  Hf,
a and W.  A stepwise selection process is presented which is based
n an analysis of the requested characteristics of the oxide to ﬁll the
rack (melting point, adhesion to the alumina matrix and thermal
ismatch) as well as the characteristics of the healing agent prior
o being activated (melting point, volume expansion upon oxida-
ion and thermal mismatch). Here, the analysis is applied for an
lumina matrix but the concept can easily be expanded for other
igh temperature stable oxidic ceramics. The approach presented
ere conceptually mimics the approach used to determine MAX
hase materials with attractive yet unexplored high temperature
elf-healing characteristics [21].
. Properties of the healing agent after its healing reaction
.1. Melting point of the oxide formed
A crucial requirement for any product ﬁlling a crack in a self-
ealing alumina matrix is that it is in the solid state as liquids
ave no (tensile) load bearing capability. Arbitrarily setting the use
emperature of the alumina composite at 1500 K, we should ﬁrst
valuate the stability of the above mentioned transition metal and
ther appropriate oxides. In Fig. 1, the Gibb’s free energy of forma-
ion (◦G) of the oxides as a function of their melting temperature
Tm) is presented. Oxides that melt or evaporate below the oper-
tional limit of 1500 K are excluded. For example, V2O5 melts at
43 K while MoO3 becomes volatile at 1074 K and both are there-
ore expelled. Having a melting temperature of about 44 K above
he set temperature limit Cu2O is also not attractive and is there-
ore also not considered further. All remaining oxides are possible
ptions and are moved up to the next selection step. These oxides
an be divided into 3 groups. The ﬁrst group comprises very sta-
ig. 1. Representation of the healing oxides by the Gibb’s free energy of formation
◦Gf) and melting point (Tm).eramic Society 36 (2016) 4141–4145
ble oxides with a Gibbs free energy of formation less than −400 kJ
per mol  O2,viz.: Nb2O5, Ta2O5, MnO, SiO2, TiO2, ZrO2, HfO2 and
Y2O3. The second group encompass moderate stable oxides with a
Gibbs free energy of formation between −400 to −200 kJ per mol
O2, which are: WO3, FeO and Cr2O3. Finally, less stable oxides cor-
responding with Gibbs free energy of formation more than −200 kJ
per mol  O2, namely: ZnO, NiO and CoO.
2.2. Adhesion between the healing oxide and the alumina matrix
The second criterion applied to the oxides passing the ﬁrst
screening test considers the adhesion of the healing oxide to the
alumina matrix. A strong adhesion between the oxide and matrix
is a key requisite because it is a ‘condicio sine qua non’ for strength
recovery for the healed ceramic. The energy required to separate
the healing oxide from the matrix should be comparable or prefer-
ably larger than the cohesive energy of the matrix. This adhesion
energy is known as the work of adhesion and is deﬁned as [35]:
Wad = −(surfAlu min a + 
surf
Oxide
) +  int erface
Alu  min a (1)
The work of adhesion can be estimated using the macroscopic
atom model [36], the surface energy of Alumina (surf
Alu min a) and the
oxide (surf
Oxide
) are estimated from the surface enthalpy of each ele-
ment which constitutes the interface weighted by the molar surface
density. The interface energy ( int erface
Alu  min a) is determined by the inter-
action energies of the atoms on either side of the interface. This
interaction energy is further estimated from enthalpy of solutions
using a semi-empirical macroscopic atom model [37].
The evaluated works of adhesion are graphically presented in
Fig. 2, which shows that all oxides have sufﬁciently high surface and
interaction energy and hence will adhere strongly to alumina. The
cohesive energy of alumina, which equals 4.0 J/m2, is taken as the
lower limit for the adhesion between the alumina matrix and the
healing oxide. Separating ZnO from Alumina will require 3.9 J/m2,
which is slightly lower than the set limit, nonetheless, the adhesion
is considered strong enough. Hence, all the oxides considered hereFig. 2. Work of adhesion between alumina (Al2O3) and the various healing oxides.
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the healing oxide a limit of + 50% is set as the minimally required
increase in speciﬁc volume. Then, based on a simple model for crackL. Boatemaa et al. / Journal of the Euro
.3. Thermal mismatch stress in the healing oxide
Residual stresses may  be generated upon cooling down an
utonomously healed alumina from its operational temperature
1500 K) to room temperature (300 K) because of a mismatch
etween the coefﬁcient of thermal expansion (CTE) of the alumina
atrix and that of the oxide of the healing agent. Such stresses may
ffect the mechanical properties and even impair the integrity of
he composite, i.e. alumina matrix and healed crack. The magnitude
f the residual stresses depend on the coefﬁcient of thermal expan-
ion and the elastic modulus of the matrix and healing oxide [38].
o estimate the residual stresses generated in the healed material
pon cooling a thin ﬁlm approach is employed [39]. In the very
impliﬁed model it is assumed that the mismatch strain is fully
ccommodated by the oxide layer covering the fracture surfaces in
he crack gap. A rotational symmetric bi-axial state of stress (plane
tress) is considered in the healing oxide. Then the thermal stress
enerated in the healing oxide (ox) is obtained from:
ox = Eox1 − ox (˛ox − ˛m)T (2)
here Eox and ox are the elastic modulus and poison’s ratios of the
xide, ˛oxand ˛m are the CTE of the oxide and matrix respectively,
nd T is the change in temperature. The maximum allowable
tress depends on the nature of the stress ﬁeld (tensile or com-
ressive) and the room temperature strength of the healing oxide.
he compressive and tensile strength of alumina is used as an esti-
ation of the limit for the allowable thermal stresses generated
n the formed oxides. The strength of alumina ranges from −3 GPa
nder compression to +1 GPa under tensile loading. [40]. The stress
alculated according to Eq. (2) for the healing oxides can be directly
ompared with the aforementioned strength values and the result
s shown in Fig. 3.
It is evident that in FeO, WO3, MnO, NiO or CoO tensile stresses
reater than 1 GPa are generated, which over time could be detri-
ental to the mechanical stability of the composite and hence
hese compounds are considered not suitable. On the other hand in
b2O5 and Ta2O5 the greatest compressive stresses are generated,
et they are suitable since these compressive stresses are less than
he limit of −3 GPa. The healing oxides that meets the requirement
re: TiO2, ZrO2, ZnO, HfO2, Y2O3 Nb2O5, Cr2O3 and Ta2O5. Although
iO2 induces tensile stresses larger than 1 GPa, it is still considered viable healing oxide because before crystallization SiO2 is amor-
hous with ﬂuidity and thereby relaxing part of the thermal stress
41], hence it is moved up to the next selection stage.
ig. 3. Thermal mismatch stress in the healing oxide in alumina when cooled from
500 K to 300 K as a function of the healing oxide melting points. Oxides represented
ith a green symbol are further considered, those in red are discarded.eramic Society 36 (2016) 4141–4145 4143
3. Properties of the healing agent prior to the healing
reaction
3.1. Melting point
With the oxides potentially suitable to heal cracks in alumina
being identiﬁed, the properties of the elements and compounds
(carbides and nitrides) from which the oxides are formed will be
considered; see Table 1. The elements and compounds to be used
as healing particles should be able to withstand the very high sin-
tering temperatures. Alumina composites can be sintered to very
high densities at 1700 K by spark plasma sintering [42,43] or by hot
pressing [44]. Therefore a suitable particle should have a substan-
tially higher melting point or decomposition temperature. Of all the
materials presented in Table 1, Zn and Si are omitted having melt-
ing temperatures of 692 and 1687 K, respectively. Melting points for
ZnC, Zn3N2 and YN are not available, so they are not further con-
sidered. The melting points of suitable materials are presented as
a function of thermal stresses generated upon sintering in Section
3.3.
3.2. Volume expansion
In order to ﬁll a crack gap with the healing agent, it is required
that an adequate volume expansion occurs upon oxidation of the
healing particles such that the oxide formed can ﬁll the new free
volume within the material created by the crack. This volume
expansion can be estimated by considering the oxidation reaction:
MXn + (m + p)O2 → MOm/2 + nXOp/2 (3)
where MXn is a carbide or nitride, and MOm/2 and XOp/2 the oxi-
dation products. The oxidation product of carbon (CO or CO2) and
nitrogen (NOx)will be volatile and thus does not contribute to ﬁlling
of the crack gap. Hence,
RVE =
VMOm/2
VMXn
(4)
where V is the molar volume of the healing particle MXn and the
healing oxide MOm/2, respectively
To ensure that fractured surfaces are completely bridged withgap ﬁlling [34] the volume fraction of healing particles (with size
between 1–10 m)  necessary to ﬁll a crack of about 1 m in width
Fig. 4. Relative volume expansion upon oxidation of viable the healing particles.
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Table 1
Evaluated elements, carbides and nitrides as healing particles forming healing oxides.
Healing oxide TiO2 Cr2O3 ZnO Y2O3 ZrO2 Nb2O5 HfO2 Ta2O5 SiO2
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Carbide TiC Cr3C2 ZnC YC2
Nitride  TiN Cr2N Zn3N2 YN 
s less than 30%. All healing materials passing the previous selec-
ion steps exhibit a positive volume expansion upon oxidation see
ig. 4, with the exception of YC2. Those with the highest volume
xpansion (RVE > 100%) are: Cr, Nb, Ta, NbC, NbN, and SiC. Next are
hose which expands appreciably with a net volume gain above
0% but less than 100%, they are: Ti, Zr, Hf, TiC, Cr3C2, TaC, TiN,
r2N, ZrN, TaN and Si3N4. Lastly, those elements or phases having
 positive RVE ≤ 50 may  not be able to fully ﬁll the cracks (however
ependent on the volume fraction and size of the healing particles
nd the dimensions of the crack to be ﬁlled) and therefore are not
urther considered: Y, ZrC, HfC, and HfN·
.3. Thermal mismatch stresses
The last criterion to be discussed is the stress generated in the
lumina matrix upon cooling after sintering due to the difference
n thermal expansion between the alumina matrix and healing
article which may  lead to local fracture. To determine the mag-
itude of these stresses a 3-D spherical inclusion model is used to
stimate the radial and tangential thermal stress in the matrix at
he interface with the healing particle [45] denoted as r and t ,
espectively. Assuming that the healing particle has a quasi- spher-
cal shape and that both the matrix and the particle are elastically
sotropic the stresses equals:
r = ˛T[ 1+m
2Em
]
+
[
1−2p
Ep
] (5)
t = −r2 (6)
here   ˛ is the difference between the CTE of the particle and
atrix, and T  is the change in temperature. E and v are the
oung’s modulus and Poisson ratio of the matrix (m) and par-
icle (p), respectively. The value of stresses due to cooling from
he assumed sintering temperature (1700 K) to room temperature
about 300 K) is calculated for the different healing particles pass-
ng all imposed selection criteria. Since a tri-axial state of principle
tresses (i.e. 1 = 2 = tand 3 = r) exist in the matrix near the
ig. 5. Thermal mismatch stress in alumina matrix according to von Misses yield
riterion due to difference in thermal expansion between the matrix and healing
article when cooling from sintering temperature of 1700 K to room temperature
00 K vs melting point (Tm) of the healing particles.Zr Nb Hf Ta Si
ZrC NbC HfC TaC SiC
ZrN NbN HfN TaN Si3N4
interface with the particle the von Misses yield criterion [46] is
adopted, hence: vM = − 32r .
For large particle contraction (i.e., p > m), the interface will be
under compression. Then, the criterion for fracture is deﬁned by the
compressive strength of alumina (−3 GPa). While for large matrix
contraction (i.e., m > p) the interface will be under tension then
the criterion for fracture is given by the tensile strength of alumina
(+1 GPa).
The estimated Von Misses stresses in the alumina matrix due
to the thermal mismatch with the healing particles as a function of
their melting temperatures are presented in Fig. 5. According to the
set criteria and deﬁnitions, SiC, Si3N4, Ta, TaN, and TaC are not suit-
able. However it should be noted that the limits of this criterion are
rather stringent and for instance the effect of large tensile stresses
as deﬁned here would only be detrimental over really long cycles.
In particular, the fact that SiC is a healing agent with demonstrated
healing ability for an alumina matrix suggests that the maximum
tolerable stress level is possibly set at too low a value. The materials
which satisfy the ﬁnal and all previous selection criteria and there-
fore are potentially optimally suitable materials to heal alumina
are: Ti, Zr, NbN, TiN, TiC, Cr and Cr3C2. Hf, Nb, and NbC are also
considered suitable since they lie very close to the tensile limit.
We anticipate that their identiﬁcation via this un-biased analy-
sis will lead to dedicated experimental research conﬁrming their
suitability as healing agent.
4. Conclusions
Viable healing particles composed of transition metals and their
carbides and nitrides were selected to repair crack damage in alu-
mina ceramic components used in high temperature applications.
The healing is based oxidation of the particle by ﬁlling the crack
gap with the transition metal oxide. The healing particle and oxide
should be stable at 1700 and 1500 K, respectively. Volume expan-
sion should occur upon oxidation preferably 50% or more. Thermal
stresses should not exceed −3.0 and 1.0 GPa. The promising oxides
selected were TiO2, ZrO2, ZnO, HfO2, Nb2O5, Cr2O3 and Y2O3. Ulti-
mately, application of all selection criteria resulted in as Ti, Cr, Zr,
Nb, Hf, TiC, TiN, Cr3C2, Cr2N, ZrN, NbC and NbN promising mate-
rials for efﬁcient healing. However, further oxidation studies and
extensive crack healing tests are required to fully evaluate their
self-healing capabilities.
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